Soil fungi have pivotal ecological roles as decomposers, pathogens and symbionts 1,2 .
. Alterations to their diversity arising from climate change could thus have substantial effects on ecosystems, particularly those undergoing rapid warming that contain few species 3, 4 . Here, we report a study using pyrosequencing to assess fungal diversity in 29 soils sampled from along a 1,650 km climatic gradient through the maritime Antarctic, the most rapidly-warming region in the southern hemisphere 5, 6 . Using a 'space-for-time' substitution approach, we show that soil fungal diversity is higher in warmer habitats, with increases of 4.7 (observed) and 11.3 (predicted) fungal taxa per degree Celsius rise in surface air temperature along the transect. Among 22 measured predictor variables, air temperature was the most consistent and strongest predictor of diversity. We propose that the current rapid warming in the maritime Antarctic (0.34 °C per decade 6 ) will facilitate the colonization of soil by a wider diversity of fungi than at present, with data from regression models suggesting 20-27% increases in soil fungal species richness in the southernmost soils by 2100. Such increases in diversity, which provide a sentinel for changes at lower latitudes, are likely to have substantial impacts on nutrient cycling and, ultimately, net productivity in the species-poor soils of maritime Antarctica.
The maritime Antarctic is undergoing rapid climate change. Surface air temperatures in the region, which broadly encompasses the Antarctic Peninsula and islands of the Scotia Arc, have risen by up to 2.8 °C over the last 50 years, at rates several times that of the global mean 5, 6 . Rising temperatures in the region have led to changes to the physical environment, including ice shelf collapses and glacier retreats 5 . However, in recent years, biological responses to warming have also become apparent 1 across the region 7 . These include order of magnitude increases in the population sizes of the two native angiosperms, increased moss growth rates, and the establishment of non-native plant species [8] [9] [10] . The range expansions of native plant populations and the establishment of non-native species in the typically unvegetated soils of the region are thought to be associated with new areas of land becoming exposed following glacial retreat, enhanced plant growth and reproduction, and accelerated soil nutrient cycling 7, 10, 11 .
Although climate change effects on the maritime Antarctic flora have recently become apparent, far less is known of soil microbial responses to warming in the region. Artificial warming experiments in the natural environment have shown relatively minor changes to the composition of bacterial communities in response to increased soil temperatures (0.5-2 °C annual means), which is not surprising as the experiments have only lasted for one to three years 12, 13 . However, the responses of soil fungi to climate warming in the maritime Antarctic have yet to receive attention. Despite their pivotal importance in terrestrial ecosystems as decomposers, pathogens and symbionts 1, 2 , the majority of fungi are filamentous in form and grow slowly in the natural environment 14 , hampering assessments of their responses to warming treatments. For instance, in the low Arctic, substantial changes to root symbiotic fungal communities in response to warming only become apparent after 17 years of treatment 15 . Here, in order to circumvent the problem of detecting the responses of these slow-growing microbes to warming manipulations, we studied fungi in soil sampled from along a natural climatic gradient through the maritime Antarctic. Using a similar approach to previous 'spacefor-time' substitution studies 16,17 , we employ the gradient as a proxy to predict changes to soil fungal communities arising from climate warming in the region. We show that surface air temperature is a significant factor shaping the diversity and composition of soil fungal communities. On the basis of our observations, we predict that future warming in the region will lead to 20-27% increases in the numbers of fungal species present in the southernmost soils of the region by the end of the century, and that this will have consequent effects on biological productivity.
We studied 29 soils sampled during the 2007-2008 austral spring and summer from along a 1,650 km gradient between 72°S and 60°S ( Fig. 1 ; Supplementary Table S1 ). The soils were free of vegetation ( Supplementary Fig. S1 ), and were hence representative of the barren soils that are frequent in maritime Antarctic terrestrial ecosystems. Data from the Regional Atmospheric Climate Model 18 indicated a significant increase in mean annual surface air temperature (MASAT) between south-eastern Alexander Island (72 °S; MASAT -11 °C) and Signy Island in the South Orkney Islands (60°S; MASAT -4 °C), with a 0.62 °C increase in air temperature for each degree decrease in latitude ( Fig. 1 , upper inset; Supplementary Table S2 ). To determine whether other abiotic parameters altered along the transect, we analysed soils for a suite of 20 physicochemical parameters (including pH, electrical conductivity and the concentrations of 11 elements and five dissolved ions). Soil C:N ratio declined significantly at lower latitudes (R 2 =33%, P=0.001; Fig. 1 , lower inset; Supplementary Table   S2 ) and was negatively associated with MASAT (R 2 =31%, P=0.002). This is consistent with previous observations that soils in cold ecosystems have higher C:N ratios than those in warmer ecosystems 19 , most likely because of slow organic matter decay 1 . The strong influence of latitude on MASAT, and its weaker effect on soil C:N ratio, were also confirmed by structural equation modelling ( Supplementary  Fig. S2 ). None of the other parameters that we measured, including the altitude from which the samples were taken, altered significantly with latitude ( Supplementary Table S2 ).
We measured the numbers of fungal species present in soil along the climatic gradient by PCR amplifying and pyrosequencing internal transcribed spacer 2 regions of fungal ribosomal RNA operons. Each fungal taxon was represented by an operational taxonomic unit (OTU), which differed by >3% in sequence identity from other OTUs. In contrast with studies on other continents, where woody plant species are present and ectomycorrhiza-forming basidiomycetes are consequently frequent in soil 2 , we found relatively few basidiomycetes, with ascomycetes dominating the soil fungal communities ( Supplementary Fig. S3 ). When stepwise multiple regression analyses were used to assess how the numbers of observed and predicted (Chao 1) OTUs responded to the 21 predictors along the gradient, MASAT was consistently the best predictor for both measures of soil fungal diversity ( Table 1) , explaining 23% and 39% of variation in the numbers of observed and predicted OTUs, respectively. Univariate regression analyses indicated significant positive associations between MASAT and the numbers of fungal OTUs, with mean increases of 4.7 observed OTUs and 11.3 predicted OTUs per degree Celsius rise in air temperature along the transect ( Fig. 2a, b ). Soil potassium (K) concentration, which is known to be positively associated with the frequencies of fungi 20 , was also included in stepwise regression models, and explained 12-14% of variation in the numbers of OTUs (Table 1) . C:N ratio, also previously shown to influence soil fungal abundances 2, 20 , explained a small (4.3%) but significant amount of variation in the predicted number of OTUs (Table   1 ).
Redundancy analysis (RDA) was then used to determine how the frequencies of the fungal
OTUs varied with the 22 predictors across the gradient. These analyses indicated that changes to soil fungal community composition were best predicted by MASAT (R 2 =6.1%, P<0.001), with soil pH, manganese (Mn) concentration and C:N ratio predicting significant, but smaller, amounts of variation in composition (R 2 =4.8%-3.8%, all P<0.03). MASAT was the best predictor for three OTUs closely matching mycobionts of the lichen genus Verrucaria or the family Verrucariaceae ( Supplementary Fig.   S3 ), which each increased in frequency in warmer soils ( Fig. 3a-c) . Verrucaria is typically a rockinhabiting genus in the Antarctic 21 and it is hence likely that we detected the fungus in its free-living state (or as spores or other propagules) in soil. RDA based on presence-absence data indicated that changes to the frequencies of Verrucaria largely accounted for the increase in fungal diversity in warmer soils, corroborating the previous observation that the numbers of maritime Antarctic lichen taxa increase sharply between 72°S and 60°S
22
. The yeast Rhodotorula and a member of the Helotiales, representatives of which are known to be present in Antarctica ( Supplementary Table   S3 ) 23 , also accounted for increases in fungal diversity in warmer soils ( Fig. 3d, e ). In contrast, we found that the frequencies of three other OTUs were best predicted by MASAT ( Supplementary Fig.   S3 ), but that these fungi, which matched closely with a Verrucaria, an unclassified ascomycete and Cladosporium, decreased in frequency in warmer soils ( Fig. 3f-h ). As C:N ratio was associated with air temperature (Fig. 1, lower inset) , and there was a priori evidence indicating that this parameter is associated with climate 1, 19 , we also included the ratio in the RDA analyses. Soil C:N ratio was found to be positively associated with the abundances of OTUs matching closely with the lichen-forming ascomycete Polysporina and the free-living ascomycetes Cladosporium, Pseudoeurotium and Penicillium ( Fig. 4a-d ; Supplementary Fig. S3 ), confirming the direct influence of this parameter on soil fungal community composition 2, 20 . Associations between OTU frequencies and soil pH, K and Mn concentrations, which influenced soil fungal diversity but did not alter along the gradient, are summarised in Supplementary Fig. S3 .
Our observations show that surface air temperature is an important factor shaping the diversity and composition of maritime Antarctic soil fungal communities. Because liquid water availability is tightly coupled with air temperature in maritime Antarctic environments 24 , it is likely that part of the observed pattern of increasing fungal diversity in warmer habitats is owing to improved access to water, which, in combination with higher temperatures, will enhance metabolic activity, extend the period for which fungi are active each year, and enable a switch from survival to growth and dispersal strategies. Our observations thus extend into the Antarctic the recent finding that climate has an important influence on soil fungal diversity on the Earth's other continents 2 . They suggest that declines in soil C:N ratio arising from climate warming in the maritime Antarctic might result in reductions in the frequencies of several ascomycetes in soil, including the widespread saprotrophs Penicillium and Cladosporium, which are known to be of importance in soil decomposition processes 1 . However, the overriding impact of warming is likely to be an increase in the number of fungal taxa present in the soils of the region. The data here indicate that increases are likely in the frequencies of mycobionts of the lichen-forming genus Verrucaria, which are known to influence rock weathering processes, the yeast genus Rhodotorula, and the order Helotiales, some members of which positively affect the in vitro growth of the angiosperms spreading throughout the region 25 .
The rate at which fungal diversity will increase in maritime Antarctic soils will be influenced not only by rising air temperatures but also by precipitation, which is likely to increase as the region warms 6 , and by vectors such as air currents and human activities, including tourism 9 . However, assuming a current rate of warming over land in the maritime Antarctic of 0.34 °C per decade 6 , and increases of 4.7 observed species of soil fungi per degree Celsius rise in air temperature, our analyses ( Table 1) suggest up to a 20% increase in the numbers of fungal species present in the southernmost soils of the region by 2100. The estimates for the predicted numbers of fungal species are similar, with multiple regression models -taking into account both increases in air temperature and decreases in soil C:N ratio (Table 1) Supplementary Table S1 . Processing of sequence data. Sequences were quality filtered and dereplicated using the QIIME script split_libraries.py with the homopolymer filter deactivated 30 . Homopolymer errors were corrected using Acacia v. 1.48 31 and fungal ITS2 sequences were then extracted using ITSx v. 1.0.9 32 Based on the output from our univariate models, we created a full SEM model to test the hypotheses that latitude directly affected MASAT, soil C:N ratio and fungal richness, that MASAT directly affected fungal richness, that soil K concentration directly affected fungal richness and that MASAT directly affected soil C:N ratio. The hypothetical full model was then challenged with the data and goodness of fit assessed using Chi-squared tests and root mean square error of approximation (RMSEA) values.
Variables and associated relationships were then removed progressively if they were not significant.
The Chi-squared goodness of fit tested the difference between the hypothetical model pathway and the observed data. RMSEA values of < 0.05 for the model were considered a good fit to the data.
SEM analyses were performed in Amos version 22 (SPSS Software, Chicago). 
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